The binding of the antitumor drug cis-dichlorodiammineplatinum(II) and its inactive trans isomer with the nucleosome core particle has been investigated. Kinetic demonstrated by treating the platinum/nucleosome core reaction mixtures with a protease or with nucleases prior to electrophoresis and observing changes in the gel patterns. Platinum was located in the gels through autoradiography using l9SmPt-labeled complexes. This work clearly demonstrates the greater propensity of trans-dichlorodiammineplatinum(II) to form histone-histone and histone-DNA crosslinks compared with the antitumor active cis isomer, which binds first to the DNA and only forms crosslinks to the histones when the nucleosome core is heavily loaded with platinum.
[Pt(CN)4]-2. Subsequent two-dimensional gel electrophoresis
revealed that trans-dichlorodiammineplatinum(II) forms specific crosslinks between histone protein pairs H3 and H2a and H2b and H4 in the nucleosome core. The occurrence of DNAprotein crosslinks was demonstrated by treating the platinum/nucleosome core reaction mixtures with a protease or with nucleases prior to electrophoresis and observing changes in the gel patterns. Platinum was located in the gels through autoradiography using l9SmPt-labeled complexes. This work clearly demonstrates the greater propensity of trans-dichlorodiammineplatinum(II) to form histone-histone and histone-DNA crosslinks compared with the antitumor active cis isomer, which binds first to the DNA and only forms crosslinks to the histones when the nucleosome core is heavily loaded with platinum.
cis-Dichlorodiammineplatinum(II) (cis-DDP) is an anticancer drug currently in widespread use (1, 2) . The trans isomer is inactive. Because DNA is believed to be the principal cellular target of the drug (3), several attempts have been made to distinguish the DNA-binding properties of the two isomers (4) (5) (6) . Although variations in the kinetics of binding have been reported for cis-and trans-DDP, dramatic differences in their reactions with both linear and closed circular DNAs have not been seen.
DNA in the nuclei of eukaryotic cells is packaged as chromatin (7, 8) . This nucleic acid-protein complex may be extracted and digested with nucleases to produce a relatively stable, Mr 200,000 particle known as the nucleosome core. The core consists of "140 base pairs," hereafter referred to as 146 base pairs (9) , of DNA wound by 13/4 turns about an octamer aggregate of eight histone proteins to produce a shallow superhelix with a pitch of about 28 A. Nucleosome cores contain two copies each of histone proteins H2a, H2b, H3, and H4. The
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 6091 core particles, combined with one copy of histone H1 and an additional amount (Q6O base pairs in rat liver) of "linker" DNA, form the repeating unit of chromatin. The DNA of chromatin represents a likely cellular target for the antitumor drug cis-DDP. We have therefore initiated a program to study the reactions of cis-and trans-DDP, as well as other known or postulated antitumor drugs, with chromatin. In this initial report we describe the binding of cis-and trans-DDP to the nucleosome core. Striking differences in the binding and crosslinking properties of the two isomers have been observed that correlate nicely with protein-nucleic acid crosslinking results recently described for L1210 mouse leukemia cells treated with cis-and trans-DDP (10) . Moreover, the discovery that trans-DDP forms specific, reversible proteinprotein and protein-nucleic acid crosslinks suggests that it might be a useful reagent for probing the structure of the nucleosome core particle and other nucleoprotein complexes.
MATERIALS AND METHODS Chemicals and Biochemicals. cis-and trans-dichlorodiammineplatinum(II) were synthesized from K2PtCl4 by standard methods (11) . Stock solutions of these compounds were made up with gentle heating and were either used within 30 min or were frozen and stored for future use. l95mPt-Labeled complexes were prepared (12) at Oak Ridge National Laboratory and shipped (Air Express) to the laboratory in Cambridge. About 4 days, or approximately one half-life, elapsed during shipment. The labeled platinum compounds were supplied as aqueous solutions, t%1 mg/ml for the cis isomer and 0.43 mg/ml for the trans isomer, in pH 6 phosphate buffer/3 mM NaCl or in 0.1 M NaCl. Samples supplied in high-salt solution were diluted (2-4:1) with unlabeled material to provide a final chloride ion concentration of 3-5 mM in the incubation buffer. The purity of the solutions of labeled cis-and trans-DDP was established by their UV-visible absorption spectra and by radioscans of thin-layer chromatograms. Parallel studies with labeled and unlabeled cis-and trans-DDP solutions gave identical results. Specific activities were in the range 0.35-0.65 mCi/mg of Pt at the time of shipment (1 Ci = 3.7 X 10"°bec-querels).
Nucleosome cores, isolated from beef kidney according to a published procedure (13) , were provided by B. Rushton. These were dialyzed into the desired buffer at 40C for 24 from L. Lutter. Proteinase K, DNase I, and micrococcal nuclease were purchased from BDH Biochemicals, Worthington, and Boehringer Mannheim, respectively.
All other chemicals were of reagent grade quality, and the water used was distilled and deionized. Unless noted otherwise, all solutions contained 1 mM pH 6 sodium phosphate buffer, sodium chloride at the specified concentration (3-5 mM), and t1 1AM disodium EDTA.
Incubation of cis-and trans-DDP with Nucleosome Cores. In a typical experiment, solutions containing cis-or trans-DDP and nucleosome cores at respective final concentrations of 0.281 mM and 0.2 mg/ml were incubated at 370C in buffer containing 5 mM sodium chloride. At various time intervals, 50-pul aliquots were withdrawn from the incubation mixture and the reaction was quenched by raising the chloride concentration to 0.2 M by addition of a concentrated sodium chloride solution. The samples were then either frozen or stored at 40C for subsequent analysis. Taking the Mr of the nucleosome core particle to be 200,000 and assuming 146 base pairs, the formal ratio (rf) of platinum to nucleotide for the above conditions is 0.96. Reactions were generally carried out in the range 0.95 < rf < 1.05.
Kinetics and Sedimentation Studies of the Reaction Mixture. The rate of platinum binding to the nucleosome core particles was studied in the following manner. Aliquots (10 ,u1) of the reaction mixture were withdrawn at various times and spotted onto 1.3-cm-diameter Whatman no. 1 filter discs. These filter papers were then washed three times for 5 min each with trichloroacetic acid, thoroughly dried, and then immersed in a scintillation solution containing 2,5-di(5-t-butyl-2-benzoxazolyl)thiophene (4.5 g/liter) in toluene. The trichloroacetic acid-insoluble l95mPt radioactivity was measured by using a Beckman LS-250 liquid scintillation counter and compared with a 5-jul control aliquot from the same incubation solution that had been spotted on filter paper but not washed with trichloroacetic acid. From the ratio acid-precipitable cpm: 2 X control cpm, the amount of bound platinum could be determined.
Sedimentation coefficients of nucleosome cores treated with cis-and trans-DDP for 2 days as described above were measured in 0.2 M NaCl on an MSE mark II analytical ultracentrifuge at 42,500 rpm and 60C. The sample was scanned at 260 nm every 10 min. Values for s20,w were computed from the sedimentation coefficients (14) by using viscosities and densities from the International Critical Tables for both water and NaCl solutions.
Gel Electrophoresis and Autoradiography. To the 50-ju aliquots withdrawn from the reaction mixture at various time intervals was added 10 ,l of 5% sodium dodecyl sulfate (NaDodSO4)/20% (wt/vol) sucrose/t0.05% bromphenol blue. The samples were then analyzed by discontinuous slab gel electrophoresis (15,16) on 0.1% NaDxdSO4/18% polyacrylamide. The composition of the main and stacker gels was essentially as reported (16) but with 0.5% rather than 0.15% N,N'-methylenebisacrylamide in the bottom gel. Twenty slots, 5.5 mm in width, were usually set into the stacker gel with a comb. The 15-cm gels were run for 2-3 hr at 1.8 kV from an LKB 2103 power supply; jacketed glass plates provided cooling (see ref. 17) . After electrophoresis, the gel was washed for 10 min with 50% methanol, rinsed with distilled water, stained with ethidium bromide (EtdBr) (2 mg/liter) for 10 min, rinsed again, and then photographed under UV light to reveal the position of the DNA (13). The gel was then wrapped in Saran Wrap and autoradiographed at -70°C with Kodak X-Omatic H film that had been previously flashed to enhance its sensitivity (18) . Autoradiography was conducted for 20 hr or longer. No attempt was made to obtain a quantitative measure of platinum in the gel slices. Finally, the gel was stained and fixed with 0.1% Coomassie brilliant blue in methanol/acetic acid/water 5:1:5 (vol/vol) for 30 min, destained in 7.5% acetic acid/5% methanol (vol/vol), and photographed (16) . Thus, the DNA, the platinum, and the histone proteins could all be identified through a single gel electrophoretic analysis. In order to determine which features, if any, of the gel electrophoretic patterns of Fig. 1 were the result of platinuminduced protein-DNA crosslinks, aliquots of the reaction mixture were treated with a protease or nucleases prior to electrophoresis. Fig. 2 shows electrophoresis results after the treatment with proteinase K. The low-intensity EtdBr staining at the top of the gel for both cis-and trans-DDP bound to the nucleosome cores, even at long incubation times, demonstrates that the slowest moving bands in Fig. 1 were DNA-protein complexes, presumably linked through platinum binding. Moreover, comparison of lanes 1-6 trans of Figs. 1A and 2A reveals that the discrete bands (I and II) formed in the presence of trans-DDP are crosslinked protein-DNA material. Autoradiography (Fig. 2B ) demonstrated that platinum was bound to the DNA. Faint bands having rm -0.64 (I) and t1.48 (VI) were present in the autoradiogram but not in the EtdBr-stained gel in lanes 1-6 trans. These bands may result from proteincontaining complexes that are resistant to protease, perhaps because of bound platinum, although the faster moving band is clearly degraded material. Fig. 3 displays the results of platinum binding to nucleosome cores after treatment with nucleases. Comparison with Fig. 1 further verifies that several features of the untreated Pt-nucleosome incubation mixture are the result of platinum-induced nucleoprotein complexes. The strong, slowly moving band at rm = 0.48 present in all samples including the controls is assigned to H3 dimers and occurs because for nuclease action it was necessary to allow the sample to stand in air for several hours with no thiol present to inhibit disulfide bond formation (Fig. 3A, lanes 4-6) suggests that it is involved in one or more such complexes. The autoradiogram (Fig. 3B) Fig. 4 shows results for trans-DDP with the nucleosome core (horizontal strip) and, after reversal with cyanide ion, the second gel dimension. The slowest moving band in the first dimension is a trans-DDP-promoted crosslink between histones H2a and H3. The second slowest moving band is mainly proteins H2b and H4 but has other components, also visible on the main diagonal, that are probably proteolysis products of H2a, H2b, or H3 present in the original nucleosome core preparation. Data for cis-DDP in an analogous experiment showed evidence for similar crosslinking but to a much lesser extent. Attempts to stain the gels with EtdBr gave some indication that specific nucleoprotein complexes form.
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Binding of cis-and trans-DDP to the 146-Base-Pair DNA of the Nucleosome Core Particle. In order to determine the extent to which the DNA in the nucleosome core is protected, by the histones, from reacting with platinum, an analogous binding study was carried out with free DNA. Comparison of the gel electrophoretic results of this experiment (not shown) with time course for the binding of cis-and trans-DDP with the core particle after treatment with protease ( Fig. 2A) to the DNA of nucleosome cores and more prominently with bound trans-DDP. It now seems likely that these bands are protein-DNA crosslinked material protected fromn costiplete protease digestion by heavy loading with platinum. DISCUSSION The binding of cis-and trans-DDP complexes to the nucleosome core particle has been studied in low-salt pH 6 phosphate buffer at 370C. The binding increases with incubation time and reaches a saturation level for cds-DDP of about 45 platinum atoms per core particle. No aggregation or dissociation of nucleosome cores occurs as a result of platinum binding, although the sedimentation velocity increases by 10-15%. Increases of this kind have been observed previously in the binding of platinum compounds to DNA (19, 23) .
Gel electrophoresis and autoradiography using l95mPt-labeled samples reveal substantial differences between the behaviors of the cis and trans isomers. cis-DDP binds mainly on the DNA of the core particle. A comparative study with the free 146-base-pair DNA shows the rate of DNA binding to be relatively unaffected by the presence of the histone octamer core. The trans isomer reacts more slowly with both the free and the nucleosomal core DNA but produces nucleoprotein and protein-protein crosslinks that are apparent in the gels quite early in the reaction. The greater ability of the trans isomer to crosslink biomolecules is stereochemically reasonable and has precedence in the binding of cis-and trans-DDP to yeast tRNAPhe crystals [only the trans compound gave an isomorphous derivative, connecting two segments in the anticodon loop (24) ]. DNA-protein crosslinking in L1210 mouse leukemia cells has been observed to occur much earlier in the treatment with trans-compared to cls-DDP (10) .
The binding of cis-DDP to the 146-base-pair DNA of the nucleosome core particle broadens and retards the migration of the band in the gels. Attempts to sharpen the band by running a denaturing gel containing 7 M urea in 6% total acrylamide [acrylamide to methylenebisacrylamide, 19:1 (25)] still produced a broad smear. Previous studies with closed circular DNA have shown that, when cds-DDP binds to DNA, it unwinds the double helix (5) . If this process is accompanied by the formation of looped-out single-stranded regions containing numerous platinum-induced crosslinks, it could account for the observed retardation and spreading of the DNA in the polyacrylamide gels used in the present study. The slowing of the migration is also consistent with charge neutralization by the (NH3)2Pt2+ because it is known (26) that chloride is released from cis-DDP upon DNA binding. The slight decrease in mobility of the 146-base-pair DNA containing bound trans-DDP ( Figs. 1 and 2 ) is probably the result of charge neutralization.
As demonstrated previously (19) , platinum can be removed from biopolymers by treatment with cyanide ion to form the very stable (K t 1041) [Pt(CN)41-2 complex. Thiourea has recently been shown to reverse cis-and trans-DDP-induced crosslinks in X DNA (27) . The cyanide procedure was successfully used here to identify protein-protein crosslinks by using two-dimensional gel electrophoresis. trans-DDP specifically links histone proteins H3 and H2a in the nucleosome core particle and, although some proteolyzed material is present, it appears that an H2b-H4 crosslink also forms. Because the proteins are coupled through a single platinum atom at one or more points of contact, they are clearly in close proximity in the nucleosome core. Numerous chemical crosslinking studies of histones in chromatin have been carried out previously and both of the crosslinks observed here have been reported .
cis-DDP also forms the H3-H2a crosslink observed for the trans isomer but only at high concentrations and long incubation times. Thb cis complex clearly prefers to bind to nucleosomal core DNA.
Protein-DNA crosslinks are also formed in the presence of both isomers, as shown by gel electrophoresis after treatment with protease or nucleases. Especially intriguing are the discrete bands (I and II in Fig. 1A) 
